JULY 1971

Cylindrical Probe

The formulation for the cylindrical probe parallels that
for the spherical probe with the exception that the normalized
continuum limit probe current has been approximated by

Joo = K (1 + 7)/7)/In(l/r50) (6)

to remain consistent with the Kirchhoff-Peterson-Talbot?
results. In the collisionless limit Laframboise’s numerical
results for eylindrieal probes collecting monoenergetic elec-
trons may be closely reproduced by

ju,co = fc(T) (XP/TXC)ac (7)
provided f.(7) is defined as

sy = aymys (5= x)

Representative values of fe(r) are given in Table 1, . is
shown on Fig. 2 and x. = —(In 2)/r. It follows that the
potential distribution in the region z. < z < 1 may be ap-
proximated by

Jeow? = fo(T)(X/X)P ®

where
Be = ac[l — ln7/In(xs/X.)] ©)
and, the inner integral is then 4
Jeo® = BolEr(xs) — Er(x»)] (10)

The electron current attracted to a cylindrical probe operat-
ing in the transition regime is then

ja,w/je =1 + (1 + KG)QI{GI(T)].G,”IM +
JeoBelEr(xe) — EI(XP)]} +
JooKo 1 + K™Yl 4+ 77 ) VIn(l/r,Xe) (11)

where j. .. is the normalized value for the cylindrical probe
current in the collisionless limit.

Results and Discussion

The collisional effects were generally found to become more
severe as the relative thermal energy of the collected species
increased. For example at large values of 7 and x,, the
normalized cylindrical probe electron current density is
significantly less than the normalized ion current density
when K, < 10.

Typical values of the cylindrical probe electron current are
shown in Fig. 3 for values of x, = |x s + 10 where x; is the
probe floating potential. No solution exists for the current
collected by a cylindrical probe operating in the continuum
limit and the expression used here is just an approximation.
The results for the cylindrical probe are, therefore, thought
to be most accurate for large Knudsen numbers and should be
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Fig. 2 Correlation exponent for electron collection by a
- cylindrieal probe.
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Fig.3 Cylindrical probe electron current in the transition
region,

used with caution for small K where the solution is dominated
by the continuum limit value for the probe current.
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Some Measurement in Pipe Flow

B. Bose*
Jadavpur University, Calcutta-32, India

N semibounded or in-bounded flow, the structure of tur-
bulence largely depends on the properties of the so-called
viscous layer in the vicinity of the boundary. The observa-
tions of Kline and co-workers!:2? in turbulent boundary layers
have shown some interesting features contradicting the widely
accepted model of the viscous sublayer which has been well-
known for some time. The salient features of the previous
postulation are that the so-called viscous sublayer close to the
wall is three-dimensional and is dominated by vigorous bursts
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Fig.1 Distribution of the characteristics of the turbulent
signal.

which move away from the boundary and play a major role
in the mechanism of mixing and transfer.

Laufer’s® measurements of fully developed pipe flow, prob-
ably the earliest successful measurements in bounded flow,
give an over-all description of the flow. They formed the
basis of later studies in pipe flow. The recent investigations
of Morrison! and Coantic® in fully developed pipe flow require
special mention here. From the hot-wire measurements,
these authors supported Kline’s model of the so-called viseous
layers adjacent to the wall. The present Note is intended to
include some new observations in fully developed pipe flow
that may be helpful to our understanding of turbulent shear
flow, particularly in the light of recent thinking about the
structure of turbulence. The experimental details have been
described elsewhere.®

Characteristics of Turbulent Signals

It is reasonable to analyze the characteristics of the random
turbulent signals obtained from a hot-wire, and statistical
parameters are obviously the logical choice. The probability
density function p(v), which gives information on the ampli-
tude domain of the signals, is defined as the probability of
finding a signal between the limits (v + dv) and ». 1t is a
measure of the time spent by the signal in the said interval.
The normalized probability density function is defined by

f_:p(v)dv =1 @
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Fig. 2 Distribution of length scale.

VOL. 9, NO. 7

Table 1 Estimation of length scale in pipe flow

Reynolds
number Method of estimating the
Author(s) (= U,D/») length scale
Laufer 5.0 X 105 Extrapolating frequency spectra us-

ing Eq. (3)
Baldwinand 4.45 X 105 Auto-correlation measurement using
Mickelsen Taylor’s hypothesis
Author 1.28-2.32  Extrapolating frequency spectra us-
X 10° ing Eq. (3); auto-correlation mea-
surement using Taylor’s hypothe-
sis

The shape of the probability distribution is described by its
moment about the mean, and the nth moment about the mean
is given by

@ = f jwv"(p)vdv 2)

The distribution of the second moment and the normalized
third and fourth moments, better known respectively as form
factor, skewness factor, and flatness factor, have been illus-
trated in Fig. 1 across the radial distance. The results show
independency of Reynolds number (Re = U,D/v) and indi-
cate a non-Gaussian character of the signals across the pipe
section except at a distance y/r, = 0.83 from the pipe axis.
The skewness factor has a high negative value in the core
region and changes to a positive value beyond y/ry > 0.83.
It is interesting to note that the form factors of the signals
that are directly related to the intensity of fluctuations are
higher than the Gaussian value, i.e., 7/2, whereas the flatness
factors exhibit a near Gaussian value with a tendency to in-
crease along with skewness factor beyond y/ry > 0.83. Simi-
lar measurements made earlier in free shear layers’® and in
uniform flow behind grids® also show non-Gaussian distribu-
tion of turbulent signals. Again, the skewness factors mea-
sured by different investigators? in turbulent boundary layers
under different pressure gradients indicate a zero skewness at
a distance y* = 15[y* = (ro — y)us/v, where u, is the fric-
tion veloeity and » is the kinematic viscosity] from the wall;
beyond this value (i.e., y* > 15), the skewness factors attain
a nearly steady value at minus one, and in the region y+ < 15,
the skewness factors tend to rise to very high positive values.
The bursts or disturbances observed in turbulent boundary
layers usually originate in this region.t:? In a pipe flow, a
zero skewness factor is noticed at y* = 317, the character-
istic of the signals is nearly Gaussian in this region (i.e., at
y*t = 317). For the lack of data, this cannot be said for
boundary layers.

Eddy Scale

A widely accepted method of specifying a turbulent field is
referring to the integral scale, usually called the scale of tur-
bulent eddies, obtained from correlation measurements—
space or auto-correlation depending on practical feasibility.
Alternately, estimation of scale 1(x), by extrapolating spectral
measurements, is used sometimes. It has been shown® that
the integral scale 1(z) is directly proportional to the scale of
the energy containing eddies A, that is,

1(z) = M1.13 ®)

where \ is estimated by extrapolating the turn-over frequency
of the measured spectra. In case of pipe flow, two-wire cor-
relation measurements are sometimes difficult. The scales
1(z), estimated from auto-correlation measurements and using
the above relation [Eq. (3)], are plotted in Fig. 2. The re-
sults show similarity and Reynolds number independency and
compare well with the results obtained extrapolating earlier
measurements.>? The particulars of estimating procedure of
the preceding results are detailed in Table 1. The scatter of



JULY 1971

points (Fig. 2) is probably due to the limitation of using mean
local velocity rather than the convection velocity of the tur-
bulent eddies® in estimating the length scale using Taylor’s
hypothesis. The scale of the eddies increases at a very slow
rate with radial position

1(z) = 0.09(y/ro) + 0.172 @)

across the considerable portion of pipe section. This rate
deviates to a much larger value beyond y/ro > 0.85. It is
unfortunate that the measurements are not extended to the
so-called viscous layers. The trend, however, shows that the
eddies are elongated near the wall, which is in agreement with
the postulation of Townsend!® and measurements of others.*5

Discussion

The results indicate the dominance of large-scale motions in
the wall region of the pipe. As the eddies are stretched more
and more due to the presence of the wall, the skewness and
flatness factors of the probability distributions tend to in-
crease to high values compared to the Gaussian distributions.
The convection velocities of these large-scale motions are also
very high compared to the mean local velocity.t This is
probably a result of the prominance of the three-dimensional
disturbances in the wall region.

Earlier investigators indicated resemblance between the
turbulent characteristics in the wall region of a pipe flow and
that of boundary layer, though the physical constraints of the
two flows are different. In boundary-layer flow, one finds
a sharp interface between turbulent and nonturbulent regions
‘that implies intermittency, whereas a developed pipe flow is
characterized by the absence of intermittency. A significant
deviation in the characteristics of the turbulent signals be-
tween these two cases, which are logically related to the
physics of the flow, is also noticed. It appears that the de-
tailed structure and mechanism of the motion in these two
flows would be different. Thus, it is not fully understood
that Kline’s model of turbulent structure in the boundary
layer may be strictly postulated in the pipe flow. A further
study to this end seems to be useful.
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Some Characteristics of Laminated
Filamentary Composites

K. 8. Cau*
General Dynamics Corporation, Fort Worth, Texas

N a recent design of a certain component of an advanced
aireraft, laminated composite material was used for the
cover skin. The material was arranged in such a way that
409, of the filaments lies in the direction of a reference axis.
The other 609, lies in the 45° directions symmetric to the
reference axis. The material is macroscopically orthotropic
with its major principal axis oriented in the direction of the
reference axis for maximum efficiency. It was rather sur-
prising to observe that the direction of maximum Young’s
modulus does not coincide with that of the major principal
axis. This note is to review the mechanics of the orthotropic
materials and to determine the relationship between the inde-
pendent variables, namely, E;, Fs, Guz, v12 and @ (for notations
see Ref. 1) which would cause the seemingly improbable phe-
nomenon to occur.
The basic stress-strain relationship of the orthotropic
material is

€ E~1 - E 0 123
ap=|=2 L 0
i Gl A B 72
Yiz L
2 0 0 50 Ti2
or
€2 = S0 (2)

where the subscripts 1 and 2 indicate the directions of the
major and minor principal axes. For other mutually per-
pendicular directions # and y which do not coincide with
directions 1 and 2, the stress-strain relationships are

€ry = Szya'xy (3)

and S,, may be obtained by following transformation

8.y = T718,T 4)
where
cos?d sin26 sin26
T = sin2f cos?f —sin26 (5)
—1sin20  1sin26 c0s28

Equation (3) may be expressed in the following manner:

R
& E. E, E 7
= | Ve 1 my a
€y A E, z, v (6)
Yol | _me _my 1
2 E B 26,  \™

Since we are interested in the relationship between E. and
the independent variables: Ei, Fs, Gis and vys, the expansion
of Eq. (4) yields

E E, . 1 (E .
E—: = cos%f + Ei sintf + 1 (G—; — 21/12) sin?24 )
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